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Abstract 
The storage of carbon dioxide (CO2) in deep brine-filled geologic strata is largely seen as one of the most important tools for CO2 
emissions mitigation on industrial scales. Residual trapping is a major factor in determining the ultimate extent of CO2 migration 
within the reservoir. At the same time there are few studies that have observed the trapping characteristics for CO2-brine systems 
in permeable rocks, including the impact of reservoir conditions, and this remains a major uncertainty for geologic CO2 storage. 
In this experimental study, we take advantage of flow conditions that enhance the capillary end effect so that a large saturation 
gradient across the core is created during drainage with CO2. We observe residual trapping of CO2 in sandstone rocks across the 
wide range of conditions representative of subsurface reservoirs suitable for CO2 storage. The observations are made using a 
reservoir condition core-flooding laboratory that includes high precision pumps, accurate temperature control, the ability to 
recirculate fluids for weeks at a time and a rotating X-ray CT scanner. Application of residual trapping curves in reservoir scale 
simulation has also been discussed. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
Saline aquifers greater than 750m in depth are considered important storage sites among the various geological 
formations, due to the large potential storage capacity (Global storage capacity of 400-10000Gt of CO2 [1]) and 
available technology adapted from oil and gas industry [2]. There are four approaches for CO2 storage and 
sequestration in saline aquifers: structure trapping, dissolution trapping, mineral trapping and residual trapping. 
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Residual trapping refers to the trapping of CO2 through capillary forces within the pore space of a permeable aquifer 
and is largely seen as one of the most significant mechanisms for storage security. It is also a major factor in 
determining the ultimate extent of CO2 migration within the reservoir.  
Residual trapping has been extensively studied for hydrocarbon-brine system. It can be characterized by 
measuring the initial versus residual non-wetting phase saturation curve: initial-residual curve (IR curve). The IR 
curve can be directly measured from experiment with sufficient data points, or generate from imperial equations by 
fitting limited data. A number of observations recently reported have focused on the residual trapping characteristics 
of CO2-brine-rock systems [3]-[6]. In all of these cases the characteristic curves were derived at a single set of 
conditions of temperature, pressure and brine salinity, and limited to a narrow range (T: 35-70oC, P: 9-11MPa, IFT: 
30.6-38.15mN/m) to represent typical geological conditions in the aquifers. No systematic study has been 
performed, however, on the response of residual CO2 trapping to variations in pressure, temperature and brine 
salinity. 
In this study, we presented systematic work by testing a range of pressure, temperature and brine salinity 
conditions and multiple fluid pairs in a single fired Berea sandstone rock core to evaluate the reservoir conditions 
may have on the residual trapping of CO2. In this study, we took advantage of flow conditions that enhance the 
capillary end effect so that a large saturation gradient across the core is created during drainage with CO2, with in-
situ saturation monitoring. The initial version of this technique was presented in previous work by Krevor et al. [3].  
2. Material and experimental conditions  
A homogeneous Berea sandstone rock core was used with the general properties summarized in       
Table 1. The core was 3.8cm (1.5inches) in diameter and 20cm (8inches) in length. Pieces of the rock leftover after 
cutting were used to characterize the capillary pressure characteristics using the mercury injection capillary pressure 
(MICP) test. The rock core was heated in an oven at 700oC to stabilize mobile clays. The porosity was measured 
using x-ray imaging, observing the difference in light attenuation between water filled and air filled rock. Absolute 
permeability was measured with a core flood using DI waters. 
 
                                        Table 1 Dimensions and petrophysical properties of the cores 
Sample Diameter Length Porosity Permeability Pore Volume 
 [cm] [cm] [%] [mD] [ml] 
Berea Sandstone 3.8 20 21 212 42.6 
 
The cumulative volume-weight pore throat size distribution (PSD), shown in Figure 1, was converted from MICP 
data. The abnormal large pore size was mainly induced by unexpected fracture make during sample preparation. 
After upscaling the cumulative intrusion for actual pore size (blue curve in Figure 1), the Berea sample demonstrates 
a relatively narrow unimodel distribution, with 60% percent of pores falling in the range between 7-21m. 
 To evaluate the impact of pressure, temperature, and brine salinity on residual trapping, core floods were 
performed variously using CO2 (Purity 99%, BOC, ltd, UK) as the non-wetting fluid and brine of various salinities 
(NaCl) as the wetting fluid. A range of pressures, temperatures and brine salinities were explored with the 
experimental parameters of the tests summarized in Table 2, in which, the abbreviation Sc stands for supercritical. In 
the group of experiments, brine salinity ranged from 0 to 3mol/kg. The pressure range tested was from 5 to 10MPa 
and the temperatures tested were 25 and 50oC. This resulted in a range of values of interfacial tension from 33.61-
47mN/m for the experiment. The density ȡ, viscosity  and interfacial tension ı of CO2 and brine calculated from 
the correlation models and literature data [7][8].   
 
Table 2 Experimental conditions and fluid properties for the experiments reported in this work 
Exp. Number 1 2 3 
Temperature (T) [oC] 50 25 50 
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Pressure (P) [MPa] 10 10 5 
Salinity (M) [mol/kg] 3 0 0 
IFT (ı) [mN/m] 40.57 33.61 47 
CO2 density (ȡCO2) [kg/m3] 385.5 817.6 104.9 
CO2 viscosity (C O2) [cP] 0.028 0.074 0.017 
Brine density (ȡw) [kg/m3] 1073.3 1014 995.7 
Brine viscosity (w) [cP] 0.759 0.888 0.548 
Gas conditions [-] Sc Liquid Gas 
 
3. Experimental design 
Capillary pressure effect leads to an increasing water saturation gradient towards the outlet of the cores and 
results in an erroneous average saturation during core flooding experiment. For instance, in the measurement of 
relative permeability curves by steady state method, the relative permeability at end point saturation is usually 
underestimated due to this phenomenon. However, capillary pressure effect is an advantage in characterizing the 
residual trapping, and offers us a wide range of initial CO2 saturation.A unique combination of numerical simulation 
and experimental approach has been developed in our study to get the maximum range of initial CO2 saturation, and 
corresponding residual CO2 saturation. The drainage process was simulated with 2-D numerical models at various 
CO2 injection rates, and the resulted saturation profiles along the cores were compared to obtain the optimum CO2 
injection rates. Injection rates 0.2cc/min and 20cc/min were chosen as optimum injection rates for CO2 injection, and 
the corresponding imbibition rates were 0.2cc/min and 0.5cc/min respectively. More details on simulation model and 
optimum injection rates are available in reference [9]. Based on the simulated CO2 saturation profile, the model from 
Spiteri et al. [10] was used to predict residual CO2 saturation,
 
 
Where Sgi and Sgr are initial and residual gas saturation respectively. Į and ȕ are fitting parameters, and chosen to 
be 0.75 and 0.2. The IR curve is shown in Figure 2.   
  
Figure 1 Cumulative volume-weighted pore-throat Size Distribution 
(PSD) obtained by MICP. Red: deviation caused by fractures, Blue: 
actual pore throat size.
Figure 2 Initial-Residual curve estimated from the simulation: Dashed 
line: no production line, blue triangle: 0.2cc/min, red circle: 20cc/min. 
Black line: curve from the model of Spiteri et al. [10].  
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4. Experimental setup and procedures 
The experimental work was conducted on a state-of-the-art multiphase core flooding system recently developed 
at Imperial College London in the Qatar Carbonates and Carbon Storage Research Center - Multiscale Imaging 
Laboratory. The system used in this work included six pumps ((Teledyne Isco, Model 500D and 100DX), a two 
phase separator, differential pressure transducers and a Phoenix Instruments coreholder, as shown in Figure 3. All 
wetted parts contacting the brine were made of HC276 hastelloy. The experimental setup was a closed loop system 
which allowed for a preequilibration of mass transfer between CO2 and brine prior to initiation of drainage in the 
rock core. The system allowed fluids to be co-injected into the core sample at maximum pressure of 30MPa and 
temperature 120oC. The Universal Systems HD-350 x-ray CT scanner was used to measure the in-situ saturation, 
which is a refurbished medical CT scanner with modifications, made more petrophysics applications. The size of the 
scanned images was 512*512 pixels, with the dimensions of each pixel 250m. Porosity and saturation were 
calculated using a calibration for each test with CT scans of the core fully saturated with fluids at the pressure, 
temperature and brine salinity conditions of the test. Equations 3 and 4 show the calculations used based on the 
calibration observations. In the equations, CT refers to the measured x-ray attenuation in Hounsfield for each pixel. 
CTwr, CTar, and CTgr are the CT number of core fully saturated with distilled (DI) water, air and CO2 respectively. 
The CT number is a measurement of x-ray attenuation in Hounsfield units for each pixel. CTgbr is the CT number of 
core fully saturated with both CO2 and brine.     
 
 
The CT number of the two pure reference fluids, water CTw and air CTa were close to 0 and -1000 for each scan. 
In our calculation equation 3 and 4 were applied to calculate slice average properties by using sliced-averaged CT 
numbers. The voltage and current used on experiment were 120kV and 225mA·s respectively.  
The core sample was first saturated with CO2. The system was pressurized and heated to experimental pressure 
and temperature conditions. When CO2 is equilibrated in the core holder with constant pressure and temperature, the 
core was scanned to obtain CTgr in equation (4). The core then was saturated with brine with injection rate 2cc/min       
to fully dissolve CO2 after 5pore volume injected (PVI). At this point, the coreholder was isolated by the bypassing 
line, as in Figure 3, and the system was ready for circulation to make CO2 and brine equilibrated. This process of 
equilibration between CO2 and brine usually takes 10-12hours. Before starting CO2 injection, the fresh brine left in 
the core was replaced with CO2 saturated brine. The core was scanned to obtain CTbr. Initially, CO2 was injected into 
brine saturated core with low rate 0.2cc/min until saturation profiles along the core become stable. Then, imbibition 
process by injecting brine started. The initial CO2 saturation can be obtained after approximately 0.5 PVI. At this 
point, the experiment at low injection rate was finished.  
Before starting the high injection rate 20cc/min at the experimental temperature and pressure, the core was 
cleaned by distilled water (CTwr was obtained here) and resaturated with brine, to make sure all experiments starting 
at the same conditions. Our experimental setup allows us to replace all the brine in the system as a closed loop. The 
procedures applied to the high injection rate case are same as above for low injection rate.    
5. Results and discussion 
During the displacement of CO2 by water in water-wet rocks, CO2 becomes immobile as disconnected blobs or 
ganglia due to two mechanisms: snap-off and cooperative filling [11]. The former is more important in the water-wet 
rocks at low injection rate, and mainly due to the local capillary pressure forces even in the presence of a pressure 
gradient induced by gravity, fluid injection or extraction [4]. In our experiment, all experiments were carried out on 
the same core sample. Therefore, some complex factor as pore/throat aspect ratio can be neglected. The snap-off 
effect is dominated mechanisms in our experiment, with all capillary number NC smaller than 10E-6. 
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Correspondingly, the effects of reservoir conditions and fluid properties on residual trapping efficiency mainly 
manifest themselves through the variation of local capillary pressure force at micro-scale, PC, which is mainly a 
function of contact angle and interfacial tension. 
The contact angles for Experiment 1, 2, and 3 are 50o [12], 20o [13], and 10o [12] respectively. The interfacial 
tensions are 40.57, 33.61 and 47mN/m respectively. Figure 4 shows the I-R plot for these three experiments. They 
are indistinguishable from each other suggesting little change in the trapping across this range of conditions. The 
residual trapping data has been fitted with model from Spiteri et al. [10], as in equations 1 and 2. The values for 
Į=0.75 and ȕ=0.2 indicate Berea sandstone for CO2-brine system is still strongly water-wet. 
The impact of residual trapping and relative permeability hysteresis at reservoir scale has been extensively in 
vestigated in previous study [10][11]. Therefore, we mainly discuss the reconstruction of relative permeability 
curves from our residual trapping data and comparing them with experimental data. After the completion of residual 
trapping experiment, the drainage and inhibition relative permeability curves have been measured on the same 
sample at 10MPa and 50oC by using steady state experimental method with the same experiential setup. More details 
on experimental procedures can be found in other paper [9]. Figure 5 shows experimental data and fitted curve by 
using Brooks-Corey model, as in equations 5 and 6. 
 
 
Where, S is saturation, subscripts w, nw and r represent wetting phase, non-wetting phase and residual 
respectively. nw and ng are Corey components for brine and CO2, 5.9 and 3.8 respectively. The imbibition scanning 
curves are constructed by model from Spiteri et al. [10], which assumes imbibition relative permeability  and 
drainage relative permeability  can be equal to each other at certain gas saturations   and  as  
 
The drainage gas saturation   can be expressed as. 
 
Where Ȗ is a tuning parameter as -1 for water-wet media [10]. Figure 6 shows the bounding imbibition relative 
permeability curves and scanning curves generated by above two methods. The green imbibition curves represent the 
shift to imbibition occurring at Sgi equal to 0.83, 0.7 and 0.6 respectively. The cyan imbibition curve represents the 
imbibition lime fit for experimental data. The fitted curves have well agreement with experimental data. There are 
minor discrepancy between fitted curve and data in the middle range. 
6. Conclusion    
We used a state-of-the-art full-recirculation core-flooding system to perform residual trapping experiment for 
CO2-brine system at various reservoir conditions and fluid properties in Berea sandstone. With using CT scanner, a 
wide range of initial CO2 saturation can be measured with take advantage of capillary end effect. The trapping 
efficiencies are the similar at different pressure, temperature and salinity conditions. We have used model from 
Spiteri et al. [10] to fit our data best. The results on model parameters indicate our sample is still strongly water wet 
for CO2-brine system. We used residual trapping model generated from our experiment to reconstruct imbibition 
bounding relative permeability curves, based on our measured drainage relative permeability curves. The calculated 
scanning curve agrees well with our measured imbibition data.  
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Figure 3 Schematic of experimental setup 
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Figure 4 IR curves at different conditions: Yellow downward-pointing triangle: Exp.1, Green square: Exp.2, Blue circle: Exp.3. Black line: model 
from Spiteri et al. [10] with Į=0.75, ȕ=0.2.    
 
Figure 5 Steady state drainage relative permeability for Berea sandstone 
(CO2 (open) and brine (solid)). Blue square: Drainage, Red triangle: 
Imbibition. Curve fit by Brooks-Corey model: Black line.
Figure 6 Drainage and imbibition bounding curves for Berea sandstone 
(CO2(open) and brine (solid)). Experimental data: Blue square: 
Drainage, Red triangle: Imbibition. Imbibition curves generated by 
model from Speteri et al. [10]; Green and cyan lines.
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